One of the most pervasive problems afflicting mankind throughout the world is poor access to clean freshwater and sanitation[@b1]. With the growing demand for high quality water, many new technologies of water purification are being developed to cater for potable and non-potable use. The reliability and ease of operation of membrane-based filtration systems have led to their proliferation in wastewater treatment. Ultrafiltration (UF) is one such well-developed low pressure membrane separation process used in different applications, such as water/wastewater treatment, reverse osmosis pretreatment and separations in the food, dairy, paper, textile, pharmaceuticals, chemical and biochemical industries[@b2][@b3]. However, membrane fouling remains an unavoidable problem in all pressure driven membrane processes causing deterioration of the membrane performance. These problems generally originate from the accumulation of organics in the effluent water, which serves as a support for the attachment and growth of microorganisms onto the membrane surface. The resulting effects of membrane fouling such as flux reduction, rejection impairment and membrane breakage lead to high operational costs and short replacement intervals[@b4][@b5][@b6].

Polyethersulfone (PES) is a well-known and commonly used material to produce UF membranes[@b3][@b7][@b8] due to its excellent chemical and mechanical properties, oxidation and pH resistance and thermal tolerance[@b9][@b10]. However, the hydrophobic nature of PES has limited its applications especially in membrane separation processes[@b11]. Numerous research reports that the hydrophobic interactions and electrostatic interactions enhance the attachment of natural organic matters (NOMs) to the membrane surface, which is the initial step of membrane fouling[@b12][@b13][@b14][@b15]. It has also been reported that hydrophobic membranes suffer from more adsorptive fouling, faster flux drop and irreversible fouling than hydrophilic membranes when treating waste streams with high extracellular organic matter (EOM) content[@b16]. Thus, several techniques have been developed in order to improve the hydrophilicity of the PES membrane to increase its permeability and to reduce membrane fouling.

Sulfonation is the best way to impart more hydrophilicity to the PES membrane surface in order to make it more resistant to fouling, as demonstrated in a number of studies[@b17][@b18][@b19][@b20]. However, during sulfonation, PES may degrade as phenol[@b21]. Several published work have reported the enhancement of the hydrophilicity of PES ultrafiltration membranes by methods such as coating[@b22], ultraviolet irradiation[@b23], carboxylation[@b24], graft polymerization[@b25][@b26], nitration[@b27], ozone treatment on membrane surface[@b28][@b29], plasma treatment[@b30] and blending additives[@b31][@b32][@b33] in the casting solution. Among these methods, the blending of additives to the dope solution has been widely used since it is by far the simplest method[@b34].

Polyethylene glycol (PEG) and poly (N-vinyl pyrrolidinone) (PVP) are the most commonly used hydrophilic polymer additives for the modification of PES membrane by blending method[@b35][@b36]. One important drawback of these additives is that they are water soluble and hence, the elution of PVP and PEG from the membrane matrix is unavoidable during backwash and harsh operations. It has been reported that, in order to prevent the elution, 1-vinylpyrrolidone can be polymerized with acrylonitrile and the final poly (1-vinylpyrrolidone-co-acrylonitrile) copolymer can be blended with polysulfone dope solution to prepare highly hydrophilic microfiltration membranes with no elution[@b37]. In addition, incorporation of silver into polymeric matrices could also reduce bio-fouling by enhancing the antimicrobial property of polymeric membrane[@b38][@b39][@b40]. In our recent study, we showed that the hydrophilicity of the PES UF membrane can be improved by blending the highly hydrophilic, water insoluble poly (acrylonitrile-co-maleic acid) (PANCMA) as a co-polymer to the PES dope solution (to introduce the carboxyl functionality in the membrane surface), which can also be used as a linker to covalently attach PEG and silver to the membrane surface to prevent elution. The modified hydrophilic membrane exhibited a lower flux drop and a stable flux during long time (4200 min) test with reservoir water[@b41].

More recently, membrane modifications with another type of material called zwitterions, which are neutral compounds that have formal unit electrical charges of opposite sign, have been studied to mitigate membrane fouling due to proteins[@b42][@b43]. The preparation of zwitterionic polymers and their attachment to the membrane surfaces increased the hydrophilicity of the membrane and reduced protein adsorption on the membrane surface. Zwitterionic surfaces containing uniform chains of hydrophilic molecules with tailorable length could bind more water by hydrogen bonding, leading to a strong repulsive force to protein molecules at specific separation distances. However, zwitterionic substances do not possess any antibacterial functionality (biocides).

As mentioned earlier, in the current state of the art, membranes are modified either with a hydrophilic additives or modified with an antibacterial compound (most commonly silver). It has been proven that, silver can kill the bacteria by rupturing the plasma membrane. Once the plasma membrane ruptures, the negatively charged protoplasm compounds deposit onto the positive surface of the membrane[@b44]. The presence of negatively charged --NH~2~, -COOH and --OH functional groups on the membrane surface has been shown to be effective in combatting the deposition of the negatively charged colloidal particles, proteins, lipids and amino acids etc. via an electrostatic repulsion mechanism[@b45][@b46].

In this study, we propose and practise a novel concept to prevent bio-fouling by developing a killing and self-cleaning membrane surface having additional enhanced hydrophilicity via water insoluble PANCMA blended with the membrane matrix. In order to develop a self-cleaning surface the functional groups/compounds on the surfaces were carefully chosen. Negatively charged, acid rich, hydrophilic and water insoluble PANCMA was chosen as a base additive to anchor the amine rich antimicrobial silver nanoparticle capped polyethyleneimine (PEI). This Ag capped PEI attached PANCMA was then blended with PES dope solution to prepare the hollow fiber ultrafiltration membranes by dry wet spinning process.

The anti-bio-fouling mechanism of the novel membrane is illustrated in [Figure 1](#f1){ref-type="fig"}. From the figure, it can be easily understood that, when the bacteria approaches the membrane surface, the antimicrobial silver will kill them by rupturing their negatively charged plasma wall (which leads to the leakage of negatively charged protein molecules through the ruptured bacterial cell wall), whereas the highly hydrophilic, negatively charged acid, hydroxyl and amine functionalities will prevent the deposition of these protein molecules onto the membrane surface by electrostatic repulsion. Thereby, the membrane can exhibit the self-cleaning property. In addition, since the silver nanoparticles (AgNPs) are embedded (covalently attached) in PEI matrix, the leaching of AgNPs is completely prevented.

Results
=======

Synthesis of Ag capped PEI colloid
----------------------------------

Silver capped PEI was synthesized by adding 5 ml of 0.1 M AgNO~3~ solution to 50 ml of aqueous PEI solution. The solution was then reduced by adding freshly prepared NaBH~4~ solution dropwise with constant stirring. The resulting dark yellowish green solution was then stirred continuously for about 3 hours at 80°C. Silver capped PEI was then separated out by centrifugation followed by repeated washing with water. [Figure 2a](#f2){ref-type="fig"} shows the TEM picture of the synthesized PEI-Ag. The nanoparticles are spherical in shape with sizes in the range of 3 to 6 nm. The nanoparticles also show a uniform distribution in the PEI matrix. A schematic representation of the silver capped PEI is shown in [Figure 2b](#f2){ref-type="fig"}.

Characterization of poly (acrylonitrile co maleic anhydride) (PANCMA) and PEI-Ag anchored to it
-----------------------------------------------------------------------------------------------

PANCMA was synthesized by a free radical polymerization reaction and the structure of the polymer was confirmed by FTIR spectrophotometer as shown in [Figure 3](#f3){ref-type="fig"}.

The presence of CN stretching vibration at 2243 cm^−1^ and the imide stretching vibrations at 1784 cm^−1^ and 1707 cm^−1^ confirms the copolymer formation in anhydride form. The obtained polymer was further treated with Ag capped PEI and the attachment of PEI-Ag to the copolymer was also confirmed with FTIR. The --OH stretching vibration of the carboxylic acid was observed as a broad band at 3550 cm^−1^, the nitrile stretching vibration was found at 2245 cm^−1^, the carbonyl stretching vibration was observed as a strong band at 1708 cm^−1^ and the attachment of PEI to the copolymer was confirmed by the presence of a strong --C-N-C stretching vibration at 1352 cm^−1^ and --NH bending vibration at 1585 cm^−1^.

Membrane Characterization
-------------------------

PES, PES/PANCMA and PES/PANCMA-PEI-Ag hybrid hollow fibers were successfully fabricated by using the dry-wet spinning process.

FTIR analysis was used to investigate the structure of fabricated hollow fiber membrane. [Figure 4](#f4){ref-type="fig"} represents the FTIR spectra for neat PES membrane, PES/PANCMA (5wt%) and PES/PANCMA/PEI-Ag membranes. With the PES/PANCMA membrane, most of the anhydride moiety present in the PANCMA gets hydrolyzed to acid as the blend (dope solution) reaches the coagulation bath with water; this is confirmed from the broad band at 3560 cm^−1^ in the FTIR spectra. The band at 2243 cm^−1^ is due to the C-N stretching of the nitrile group while the band at 1708 cm^−1^ is the C = O stretching vibration of the acid carbonyl group present in the PANCMA. The presence of PANCMA/PEI-Ag in the PES matrix is confirmed from the nitrile, carbonyl, imide and amine vibrations at 2243 cm^−1^, 1716 cm^−1^,1770 cm^−1^, 1382 cm^−1^ and 1625 cm^−1^ respectively.

Morphology of Hollow Fibers
---------------------------

The hollow fiber membranes fabricated through dry-wet spinning process had an average inner diameter of 0.5 mm and an outer diameter of 1.0 mm. The surface morphology and cross section of the PES and modified PES hollow fiber membranes were examined using SEM and the micrographs of the Ag modified membranes are shown in [Figure 5](#f5){ref-type="fig"}.

The fabricated hollow fibers exhibit different internal structures depending on their composition. The SEM picture of neat PES membrane shows the presence of a large number of macro voids in its internal structure. The PES membrane with 5wt% PANCMA concentration seems to have fewer macro voids (compared to control PES) but more sponge-like structures. With the PES/PANCMA/PEI-Ag membrane, the sponge-like structure dominates the macro voids and correlates well with the increase in dope solution viscosity as described in our previous paper[@b41]. The presence of silver particles was further confirmed by EDX analysis as shown in [Figure 6](#f6){ref-type="fig"}. The presence of silver and its uniform distribution all over the membrane is evidenced from the elemental mapping shown in [Figure 6b](#f6){ref-type="fig"}.

Leaching Test for Silver
------------------------

The composite PES-PANCMA-PEI-Ag (S3) membrane samples were soaked in de-ionized (DI) water overnight and dried at ambient temperature before the leaching test. The dried membrane samples were immersed in fresh DI water and ultrasonicated at 37 kW for 120 mins. After ultra-sonication, the water was analyzed using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The concentration of the leached silver in the solution was found to be less than 0.02% for all the samples. This may be due to the strong interaction of silver nanoparticles with the amine groups of the PEI, which prevents the leaching of silver from the membrane matrix.

Contact Angle
-------------

The hydrophilicity of the control PES (S1), PES-PANCMA (S2) and PES-PANCMA-PEI-Ag (S3) membrane was measured by their contact angle and the results are tabulated in [Table 1](#t1){ref-type="table"}. The control PES membrane (S1) showed a water contact angle of 63.2° ± 3.9°. Sample S2 with 5% PANCMA showed a water contact angle of 54.1° ± 2.8° which is about 14.4% lower than the control sample. Sample S3, with 5% of Ag capped PEI attached PANCMA, showed the lowest water contact angle of 32.7° ± 2.1°, which is about 48.3% reduction on the control sample. The effectiveness of blending PANCMA-PEI-Ag with PES in generating a more hydrophilic membrane is clearly demonstrated by these tests. The increased hydrophilicity is attributed to the incorporation of hydrophilic amine (-NH~2~) and acid (-COOH) groups through the attachment of PEI and PANCMA to the PES membrane matrix.

Pore Size Analysis
------------------

The average pore sizes of the control PES membrane (S1), PES-PANCMA membrane (S2) and the PES-PANCMA-PEI-Ag membrane (S3) are presented in [Table 1](#t1){ref-type="table"}. The experimental data indicate that the addition of the Ag capped PEI attached PANCMA does not have a significant effect on the mean pore size of the PES. The average pore sizes of sample S2 and S3 (0.08 ± 0.015 µm) are slightly lower compared to sample S1 (0.09 ± 0.02 µm). The reduction in pore size may be due to the increase in the polymer concentration (additional 5% of PANCMA for S2 and 5% PANCMA-PEI-Ag for sample S3 compared to the control membrane) which results in an increase in the viscosity of the dope solution. The rate of diffusion of coagulant into the polymer solution decreases with increase in polymer solution concentration and therefore viscosity, leading to the formation of sponge like structures with reduced pore size[@b47].

Clean water flux
----------------

The control PES membrane (S1), PES-PANCMA membrane (S2) and the PES-PANCMA-PEI-Ag membrane (S3) were tested to evaluate the clean water flux of the membrane using a cross flow filtration setup. [Table 1](#t1){ref-type="table"} shows the clean water flux for all the 3 different membranes at a constant feed water pressure of 100 kPa together with water contact angle. Even though their pore size is slightly smaller than S1, samples S2 and S3 gave higher pure water flux which may be due to the increase in hydrophilicity (represented by a decrease in contact angle) of the membrane. The highest flux achieved is 687 ± 28 LMH for sample S3 which is about 39.4% higher than that for the control membrane.

Discussion
==========

Zone inhibition test
--------------------

The antibacterial activities of the control PES membrane (S1), PES-PANCMA membrane (S2) and the PES-PANCMA-PEI-Ag membrane (S3) were determined qualitatively using the zone inhibition test. As shown in [Figure 7(a)](#f7){ref-type="fig"}, sample S3 exhibited the best results with a clear inhibition zone of width 2.5--3.0 mm around the membrane in stark contrast to sample S1 and S2 which did not show any inhibition zone. This is due to the bactericidal property of silver nanoparticles in the composite membrane S3.

In order to study the self-cleaning property of the membrane, all three membrane samples were filtered with 10 ppm sodium alginate solution (the alginate solution is representative of the negatively charged protoplasm compounds that would be released by lysed bacteria) for 1320 min and then tested for their antibacterial property. The results are presented in [Figure 7(b)](#f7){ref-type="fig"}.

Sample S3 exhibited positive results with a clear inhibition zone around the membrane even after a long period of continuous filtration of protein solution. This result confirms that the negatively charged functional groups present in the modified membrane matrix prevent the deposition of sodium alginate on the membrane surface. This finding is in agreement with previously reported work indicating that membranes with hydrophilic negatively charged functional groups on the surface can repel proteins which make up extra cellular polymeric substances (EPS)[@b48].

Long time performance and the fouling evaluation with sodium alginate
---------------------------------------------------------------------

To evaluate the antifouling efficiency of the membrane, a long time (1320 min) filtration of 10ppm sodium alginate in DI water was carried out for the control PES membrane (S1), PES-PANCMA membrane (S2) and the PES-PANCMA-PEI-Ag membrane (S3) individually, and the results are summarized in [Figure 8a](#f8){ref-type="fig"}. It is observed that the modified PES-PANCMA-PEI-Ag membrane (S3) gives stable flux compared to the other two membrane samples S1 and S2. The flux drop of the membranes is shown in [Figure 8b](#f8){ref-type="fig"}. The flux drop for the modified PES-PANCMA-PEI-Ag membrane (S3) is lower (16.3% of the initial flux) than the control membrane sample S1 (55.3% of the initial flux) and the PES-PANCMA membrane sample S2 (33% of the initial flux). The obtained results indicate that there is not much decrease in the flux with time for the modified PES-PANCMA-PEI-Ag membrane (S3) showing that this membrane can efficiently repel the organic matter in the form of the sodium alginate protein from the surface of the membrane.

In order to study the filtration efficiency of the membrane, the total organic carbon (TOC) of the feed water and permeate water were measured (4 samples were collected every 60 mins and the TOC was measured in order to get the average TOC removal efficiency over time). Percentage of TOC rejection was calculated and plotted in [Figure 8c](#f8){ref-type="fig"}. It was found that the TOC removal of the modified PES-PANCMA-PEI-Ag membrane (S3) is higher compared to samples S1 and S2. It is also observed that the modified membrane gives comparatively stable rejection of TOC when compared to the other two samples. This is due to the hydrophilicity and the presence of highly negative charged --NH~2~, -COOH and --OH on the membrane surface. The negative surface charge of the membrane prevents the deposition of the negatively charged colloidal particles (proteins, lipids and amino acids etc.,) on the membrane surface by electrostatic repulsion, which can slow down the membrane fouling process[@b49]. It is also reported that the membrane fouling can be reduced by increasing the negative surface density of the membrane[@b50]. TOC removal efficiency of the control membrane was also increased with time, which may due to the pore constriction or development of a cake layer (fouling) on the membrane surface[@b51].

Methods
=======

Materials and chemicals
-----------------------

Polyethersulphone (PES) k-3010 powder was purchased from Sumitomo chemicals pte ltd, Japan. Acrylonitrile, maleic anhydride, azoisobisbutyronitrile (AIBN), silver nitrate (AgNO~3~), sodium borohydride (NaBH~4~) and polyethylenimine (PEI) were purchased from Sigma Aldrich with 99% purity. High purity ethanol, N-methyl-2- pyrolidone (NMP), N,N-Dimethyl acetamide (DMAc), Polyvinyl pyrolidone (PVPK30) and Diethylene glycol (DEG) were also purchased from Sigma Aldrich and used as received. The water used for the reaction was distilled and de-ionized (DI) with a Milli-Q plus system from Millipore, Bedford, MA, USA.

Synthesis of poly (acrylonitrile co maleic anhydride) (PANCMA)
--------------------------------------------------------------

PANCMA was synthesized by a free radical polymerization in solution-suspension method using DMAc as follows. To about 150 ml DMAc, 9.89 grams of maleic anhydride and 5.31 grams of acrylonitrile were added and stirred at room temperature for about 30 minutes. After complete dissolution, 1.25 grams of AIBN was added to the solution which was stirred at 60°C for further period of five hours. The polymer obtained as a suspension was separated out by filtration and washed thoroughly with diethyl ether and dried overnight in vaccum at 40°C. The schematic representation of the reaction is shown in [Figure 9](#f9){ref-type="fig"}.

Synthesis of Ag capped PEI
--------------------------

Silver attached PEI was prepared by a previously reported procedure as below. To a 50 ml of aqueous PEI (50%) solution, 0.5grams of AgNO~3~ was added and allowed to stir at room temperature for 1 hour. About 10 ml of freshly prepared NaBH~4~ was then added drop-wise to the above solution with stirring over a period of 30 mins followed by continuous stirring over night at 80°C. The final dark green solution obtained was then subjected to centrifugation to remove excess reactants. The schematic representation of the reaction is shown in [Figure 10](#f10){ref-type="fig"}.

Synthesis of Ag capped PEI attached PANCMA
------------------------------------------

Silver capped PEI was attached to PANCMA by a simple nucleophilic addition reaction as below. About 10 grams of PANCMA was added to a 250 ml flask with 100 ml DMAc. The flask was connected to a nitrogen inlet. After complete dissolution, 25 ml of silver capped PEI solution was added dropwise to the polymer solution and allowed to stir at 25°C for 8 hours. The obtained final homogeneous solution was poured into methanol to separate the Ag capped PEI attached PANCMA. The precipitated polymer was filtered, washed with methanol and dried in vacuum at 40°C overnight. The schematic representation of the reaction is shown in [Figure 11](#f11){ref-type="fig"}.

Preparation of membranes by dry wet spinning
--------------------------------------------

Polyethersulfone (PES) hollow fiber ultrafiltration membranes were prepared by dry wet spinning method. PES was used as the base polymer, NMP was the base solvent, DEG was used as a non-solvent and two additives, PVP K30 (pore forming agent) and hydrophilic and antimicrobial PANCMA-PEI-Ag polymer composite were used to improve the surface property of the membrane. The composition of the casting solution consists of 21 wt% PES, 5 wt% PVP-K-30, 5 wt% DEG, 64 \~ 69 wt% NMP, 0--5 wt% PANCMA and 0-5 wt% PANCMA-PEI-Ag, respectively. The dope compositions are presented in [Table 2](#t2){ref-type="table"}. PVP powder was first added into the NMP/DEG mixture in a round bottom flask and the solution was stirred by a mechanical stirrer for at least 1--1.5 hours. After complete dissolution of PVP, PANCMA/PANCMA-PEI-Ag and PES were added and allowed to stir at a constant speed of 250 \~ 350 rpm for at least 24 h at 80°C to obtain a completely dissolved homogeneous polymeric solution. The dope solution was poured into the polymer tank and degassed at a negative pressure of -0.6 bar for 15--20 min. Nitrogen gas was purged into the dope tank to create an inert atmosphere and to push the polymer towards the polymer pump. NMP and water were mixed in 80:20 volume ratio and the mixture, used as the bore liquid, was poured into the bore liquid tank. The polymer solution and the bore liquid were pumped to the spinneret (OD 1.2 mm, ID 0.6 mm). The air gap was fixed at 10 mm. The hollow fiber membranes were fabricated at around 25°C and at around 65--70% relative humidity with a take up speed of 0.25 m/s. The membranes were collected from the winder and left inside a post-coagulation water tank for a minimum of 24 hours to washout the residual NMP, DEG and PVP that were not removed from the solution during the fabrication process. The membranes were immersed into a post treatment solution of 40% ethanol and 60% glycerin before being subjected to the clean water flux tests.
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###### Pore size, contact angle and the clean water flux of the control PES membrane and the modified PES-PANCMA membrane samples

  Sample ID    Pore size (μm)   CA~w~ (°)    Clean water flux (LMH)
  ----------- ---------------- ------------ ------------------------
  S1            0.09 ± 0.02     63.2 ± 3.9          493 ± 23
  S2            0.08 ± 0.015    54.1 ± 2.8          524 ± 17
  S3            0.08 ± 0.015    32.7 ± 2.1          687 ± 28

###### Composition of the dope solutions for the hollow fiber membrane fabrications

  Sample ID    PES (wt%)   PVP- K30 (wt%)   DEG (wt%)   NMP (wt%)   PANCMA (wt%)   PANCMA-PEI-Ag (wt%)
  ----------- ----------- ---------------- ----------- ----------- -------------- ---------------------
  S1              21             5              5          69            0                  0
  S2              21             5              5          64            5                  0
  S3              21             5              5          64            0                  5
